We report the generation of tunable high-repetition-rate (0.1-1 THz) femtosecond pulses based on a quasi-continuous wave (CW) dual-pumped all-fiber cascaded four-wave-mixing (FWM) scheme without requiring a cavity resonator. By synchronously injecting two pulse-modulated lasers into an 85-m-long dispersion-flat highly nonlinear fiber, cascaded FWM processes under only ∼30-mW average pump power are efficiently initiated to form the Kerr frequency combs near 1.56 m. Phase locking of the Kerr combs is confirmed by real-time measurements using an autocorrelator, and stable ultrashort pulse trains are observed. The pulse repetition rate can be tuned continuously in the range of 0.1∼1 THz by controlling the wavelength spacing between the two pump lasers. The pulse duration can be correspondingly adjusted from 1.66 ps to 262 fs. Such quasi-CW dual-pumped all-fiber cascaded-FWM frequency combs with the advantages of compactness and flexibility could provide a practical solution for generating ultrahighrepetition-rate femtosecond pulses.
Introduction
High-repetition-rate (HRR) femtosecond laser sources have attracted intense interest because of their various applications in advanced telecommunications [1] , arbitrary optical waveform generation [2] , nonlinear optics, and frequency combs. Mode-locked fiber lasers are generally recognized for generating high-quality femtosecond pulses with stable repetition rates [3] - [6] . However, the repetition rate of a conventional mode-locked fiber laser is typically ∼10-300 MHz only [7] - [11] , restricted by the laser cavity length. Harmonic mode-locking [12] - [15] and active mode-locking seem to be the feasible solutions, but the maximum repetition rate is still limited within a few tens of gigahertz (GHz). Therefore, there is an increasing demand for femtosecond laser sources with higher repetition rate over a few hundred GHz (even terahertz (THz)).
In recent years, the dissipative four-wave-mixing (FWM) scheme [16] - [18] and the filter-driven FWM scheme [19] , [20] have been proposed and used to generate HRR mode-locked pulses in fiber lasers. By placing a comb filter in the highly-nonlinear fiber laser cavity [17] - [20] , the ultrahigh repetition rate of a few hundred GHz (even 1 THz [19] ) has been successfully achieved using these FWM-based mode-locking schemes. However, such FWM-based mode-locked fiber lasers usually suffer from the following drawbacks: 1) Since the filtering bandpass of comb filter can allow many longitudinal modes to oscillate within every lasing wavelength, these modes have random phases and their beating results in severe low-frequency noise that produces unstable operation [21] ; 2) phase locking among the lasing lines is often incomplete, which leads to a large autocorrelation background [18] and a relatively wide pulse duration. Recently, it was interestingly found that FWM-based frequency combs based on high-Q factor microresonators can be well phased-locked to generate HRR (hundreds of GHz) pulse trains [2] , [22] . Benefiting from the ultra-narrow linewidth filtering and the high nonlinearity of microresonator, such method could overcome the above-mentioned issues and obtain high-quality pulse emission [22] . However, mode-locked microresonator-based Kerr combs also suffer from their own issues: 1) It is relatively difficult to efficiently couple the pump beam into microresonator; 2) thermal-induced instability easily mistunes the microcavity resonant wavelength with respect to the external pump source, resulting in unstable laser output; and 3) the pulse repetition rate is typically fixed once the microresonator has been manufactured. Therefore, there are still strong motivations to study and realize HRR-tunable, high-performance femtosecond pulse sources with a compact all-fiber approach.
An attractive and efficient technique is to exploit the phase-locked cascaded FWM process in a dual-wavelength-pumped dispersion-flat highly-nonlinear fiber (HNLF) [23] . It was proved that the powerful method not only enables the generation of high-quality HRR femtosecond pulses [24] , [25] , but also combines the stability and simplicity of the all-fiber setup. Millot et al. have used this technique to successfully achieve the 1.27-ps pulses at 160 GHz [24] and ∼200-fs pulses at 1 THz [25] . However, in these previous works, ∼1 W high power [25] of the continuous wave (CW) dual-wavelength pumping is required, and the pumps' phase-modulation for suppressing stimulated Brillouin scattering in the HNLF is always necessary [24] , [25] . Accordingly, such pumping scheme which usually needs a high-power optical amplifier and a high-speed phase modulator [24] , [25] , is relatively complex and significantly elevates the system cost. In contrast, if one uses quasi-CW or pulsed dual-wavelength pumping scheme, low average pump power could easily excite high-efficient cascaded FWM in HNLF. Therefore, quasi-CW or pulsed pumping scheme with the advantages of compactness and cost-effectiveness could be more attractive for obtaining HRR femtosecond pulses by all-fiber phase-locked cascaded FWM process.
In this paper, we demonstrated a quasi-CW dual-pumped all-fiber cascaded-FWM scheme to generate tunable HRR mode-locked pulses for the first time. Two lasers near 1.56 m were externally modulated and amplified to synchronously pump a dispersion-flat HNLF. Stable cascaded-FWM frequency combs were achieved under only ∼30 mW average pump power, and phase locking was further realized to generate high-quality HRR pulse trains. By changing the wavelength spacing between the two pump lasers, the repetition rate could be flexibly tuned from 0.1 to 1 THz, and the pulse duration could be compressed from 1.66 ps to 262 fs.
Experimental Principle and Setup
Fig. 1(a) shows the experimental setup of the phase-locked, all-fiber dual-pumped cascaded-FWM frequency combs. To clearly understand the generation of tunable HRR mode-locked pulses, Fig. 1 (b) and (c) describe the dynamic evolutions in time and spectral domains, respectively. As shown in Fig. 1(a) , two CW single-frequency laser diodes (LD1&LD2) were used as pump seeds. The LD1 has the fixed operation wavelength of 1558.6 nm ð p1 Þ, and the LD2 has the tunable operation wavelength ð p2 Þ over the C-band range. Both of them have the linewidth of ∼2 MHz. They were first combined by a 3-dB optical coupler (OC), and modulated by an acousto-optic (AO) intensity modulator with a 60-kHz frequency. The pulse-modulated pumps were then amplified by a home-made erbium-doped fiber amplifier (EDFA), and the total average power ðP total Þ can be boosted up to ∼30 mW. The amplified pump pulses at p1 and p2 are synchronous and consist of 150 ns long square pulses at 60 kHz repetition rate [see Fig. 1 (b)], thus obtaining the peak power of ∼1.6 W. At last, the amplified dual-wavelength pump pulses were injected into a 85 m-long dispersion-flat HNLF (NL-1550-zero, YOFC inc.) to initiate cascaded FWM processes [see Fig. 1(c) ]. The HNLF has the nonlinear coefficient of 12 W À1 Á km À1 , and the low dispersion ðÀ1:3 ! þ1:3 ps/nm/kmÞ from 1450 to 1600 nm with the zero-dispersion wavelength of ∼1530 nm. Two polarization controllers (PC1&PC2) can further optimize the cascaded-FWM efficiency for obtaining spectral-flatten frequency combs with the comb teeth as many as possible [see Fig. 1(c) ]. Because FWM is sensitive to spectral phase [2] , the contribution of the cascaded FWM can lead to equally-spaced, phase-locked frequency combs with deterministic spectral phases [22] . Therefore, in time domain, ultrashort pulse trains with the repetition rate jc= p1 À c= p2 j could be generated within the 150 ns pump pulses [see Fig. 1(b) ]. The output spectrum of the quasi-CW dual-pumped cascaded-FWM fiber system was monitored by an optical spectrum analyzer (OSA, Advantest Q8384), and the output pulsed characteristics were measured in real time by a commercial noncollinear autocorrelator (FR-103XL, Femtochrome Research Inc.).
Our scheme for obtaining HRR ultrashort pulses could possess three immediate advantages as follows. First, since the quasi-CW light was used to avoid thermal effects by keeping the average power low (∼30 mW) while obtaining high peak-power (∼1.6 W) pulse pumping, the highly efficient cascaded FWM can be sufficiently excited to generate a wide and flat Kerr frequency combs (corresponding to a narrow pulse width). Second, instead of the wide-bandpass comb filters used in those FWM-based mode-locked fiber lasers [18] , the use of the two ultranarrowlinewidth pumps in our experiment is more favorable to the generation of highly phase-coherent signal/idler sidebands under the cascaded FWM processes. Therefore, the complete phaselocking of the Kerr frequency combs in the HNLF can be obtained more easily, and stable, lownoise pulsed emission can be expected. Third, the pulse repetition rate can be continuously tuned by readily changing the wavelength spacing ð ¼ j p1 À p2 jÞ between the two pumps, and the compact all-fiber scheme is highly robust to external perturbations without requiring a cavity resonator.
Experimental Results and Discussion
In our experiment, the wavelength spacing between the two pumps was specifically set to be ¼ 0:8 nm at first. When the total pump power P total was gradually increased from 8.35 to 29.48 mW, we observed the spectral evolution of the quasi-CW dual-pumped cascaded FWM. As shown in Fig. 2 , new cascaded-FWM frequency components sprung up with the increasing power P total , and the output optical spectrum with an equal spacing of 0.8 nm is broader and broader. Meanwhile, the cascaded-FWM frequency combs became smoother and smoother. These results indicate that the highly-efficient cascaded FWM has been well excited by the quasi-CW dual-pumping in the dispersion-flat HNLF. Fig. 3 further summarizes the output characteristics of the cascaded-FWM frequency combs at P total ¼ 29:5 mW. As shown in Fig. 3(a) , the frequency combs consists of 24 comb teeth with the tooth spacing of 0.8 nm. The optical spectrum has a similar parabolic shape with a 3-dB bandwidth of 7.2 nm. Interestingly, we found that self-starting HRR pulse trains can always be observed in the Kerr frequency combs by properly adjusting the settings of the two PCs (i.e., the PC1 and PC2). Fig. 3(b) gives the typical autocorrelation trace. The period of the pulse train is 10 ps, i.e., the pulse repetition rate of 100 GHz. The repetition rate is well consistent with the wavelength spacing ¼ 0:8 nm between the two pumps. If a Gaussian profile is assumed for fitting, the duration of the individual pulse in Fig. 3(c) is estimated to be 1.66 ps. Meanwhile, we observed that the pulse width became narrower and narrower as increasing the pump power P total , in agreement with the dissipative FWM mode-locking reported in [18] . These results unambiguously evidence that the cascaded-FWM frequency combs were well phase-locked. It is worth noting that the spectral intensity of these comb lines decreases from the center to the two edges [see Fig. 3(a) ]. This is the typical feature of dissipative FWM mode-locking, implying that the dissipative process plays a important role in the HRR pulse formation. Different from the fiber lasers mode-locked by dissipative FWM process reported previously [16] , [18] , it is especially noticed that no sub-pulse between the adjacent main pulses appears in our autocorrelation trace [see Fig. 3(b) ], and there is only a very low autocorrelation background in Fig. 3(b) and (c). These indicate that our proposed phase-locked Kerr frequency combs have the lower supermode-noise and the higher coherence, benefiting from the use of the narrow-linewidth and quasi-CW pumps. In order to evaluate the stability of the phase-locked Kerr frequency combs, we repeatedly scanned the output optical spectrum at a 30-second interval in 2 hours. The corresponding results were plotted in Fig. 3(d) . No evident power fluctuation per comb tooth was found during the 2-hour test, and no wavelength drift per comb tooth was observed with the 0.01 nm spectral resolution of the used OSA. These results confirm that the cascaded-FWM frequency combs have the extremely excellent stability.
Because the pulse repetition rate is related to the comb-tooth spacing (i.e., ), the proposed phase-locked Kerr frequency combs can possess a notable feature that the pulse repetition rate could be varied over a large range. Subsequently, we will study the tunability of pulse repetition rate and the evolution of pulse duration by adjusting the tooth spacing . When the was tuned from 0.8 to 8 nm by changing the operation wavelength p2 of the LD2, we realized the continuous tuning of the pulse repetition rate from 100 to 1000 GHz at the same pump power P total ¼ 29:5 mW. In all cases, the output average power of the phase-locked Kerr frequency combs is always ∼16 mW. As shown in Fig. 4 , we representatively summarize the spectral and temporal output characteristics of the Kerr frequency combs at the repetition rates of 200, 300, 400, 500, 800 and 1000 GHz, respectively. Fig. 4(a) shows the corresponding optical spectra. All the output optical spectra exhibit comb profiles with the tooth spacings of 1.6, 2.4, 3.2, 4.0, 6.4 and 8.0 nm, respectively. Moreover, the spectral range of the highly-efficient cascaded-FWM products becomes wider and wider from 1544∼1573 nm [see Fig. 4(a1) ] to 1460∼1636 nm [see Fig. 4(a6) ]. The slight asymmetry of the spectra could originate from the uneven ASE of the used EDFA and the uneven gain characteristics of parametric FWM in the HNLF. As shown in Fig. 4(b) , we also measured the corresponding autocorrelation traces. One can see from Fig. 4(b1) -(b6) that the phase-locked cascaded-FWM frequency combs produce the equidistant pulse trains with the pulse periods of 5.0, 3.33, 2.5, 2.0, 1.25 and 1.0 ps, corresponding to pulse repetition rates of about 200, 300, 400, 500, 800 and 1000 GHz, respectively. As shown in Fig. 4(c) , if a Gaussian profile is assumed for fitting, the durations of the individual pulses in Fig. 4(c1) -(c6) are estimated as 661, 460, 395, 334, 320 and 262 fs. It could be very useful that the repetition rate and the pulse duration can be flexibly tuned over a large range, which is a distinct advantage over the mode-locked microresonator-based Kerr frequency combs [22] . It is interestingly found from Fig. 4(a) and (c) that a broader optical spectrum corresponds to a narrower pulse, which coincides with the theory of Fourier transform for mode locking. In addition, as can be seen in Fig. 4(b) , the autocorrelation background (i.e., the direct-current intensity) keeps relatively low at the repetition rate of less than 500 GHz [see Fig. 4 (b1)-(b4)] but sharply raises once the repetition rate is over 800 GHz [see Fig. 4(b5) and (b6) ]. This could be attributed to the following reasons: 1) When the comb-tooth spacing is too large (i.e., ultrahigh repetition rate >800 GHz), the cascaded-FWM phase relationship in the HNLF may become irregular, leading to the incomplete phase-locking; 2) for >800 GHz ultrahigh repetition rate and the average power of about 16 mW, the pulse peak power only ∼0.06 W in our experiment is too low to excite adequately the second harmonic generation in the nonlinear crystal of the used autocorrelator. This could be improved by increasing the pump power and optimizing the HNLF length. Fig. 5 plots the pulse duration and the cascaded-FWM spectral range as a function of the pulse repetition rate, respectively. When the pulse repetition rate was tuned from 0.1 to 1 THz, the cascaded-FWM spectral range almost linearly increases from 27.2 to 176 nm with the center wavelength of $ 1:56 m. The pulse duration sharply decreases from 1.66 ps to 460 fs in the initial stage, but after the repetition rate over 0.4 THz, the pulse duration has a very slow change from 395 to 262 fs only. The phenomenon could be explained as follows. When the repetition rate is less than 0.4 THz, the narrow cascaded-FWM spectrum fully falls into the anomalous dispersion region of the HNLF, and therefore, the soliton effect plays a important role in the pulse compression. However, once the repetition rate is more than 0.4 THz, the cascaded-FWM spectral range is enough wide (even 176 nm) to partially extend into the normal dispersion region of the HNLF, and the pulse compression based on the soliton effect may become very weak, resulting in the almost-unchanged pulse duration.
Conclusion
In summary, we have proposed a quasi-CW dual-pumped all-fiber cascaded FWM scheme to successfully present high-performance, phase-locked Kerr frequency combs. Stable, low-noise, and HRR pulse trains have been observed by a commercial autocorrelator. The pulse repetition 
